We report the realization of p-type behavior in ZnO thin films, which are prepared by codoping method using Ga (donor) and N (acceptor) as the dopants. Especially, using active N formed by passing N 2 O gas through an electron cyclotron resonance (ECR) plasma source is quite effective for the acceptor doping. We have observed a room temperature resistivity of 2 ·cm and a hole concentration of 4 × 10 19 cm −3 . These values are enough high for practical applications in various oxide electronic devices.
Introduction
Zinc oxide (ZnO) is a widely used material in various applications such as UV resistive coatings, gas sensors, sonar for searching fish, in mobile handy phone etc. Like indium oxide and tin oxide, ZnO is optically transparent and can be made electron (n-type) conductive with appropriate dopants such as aluminum. But, due to its unique characteristics of piezoelectric, electron conductivity, optical transmittance etc., a large impact can be realized in various electrical and optical applications (solar cells, laser systems, blue light emitter diodes etc), if one can make a p-type ZnO film-i.e. obtaining a p-type ZnO will lead to the fabrication of a unique pn junction, a key structure in the semiconductor technology. Ever since the first report 1) (in 1959) on the enhancement of n-type activity in ZnO by doping In, considerable efforts were made to produce p-type ZnO. [2] [3] [4] The problem of p-type doping in ZnO can arise for various reasons such as, the donor level may be sufficiently deep that there is low thermal excitations into the valance band, low solubility of the dopant or inducing self-compensating processes on doping. Inspite of large experimental efforts, only one report 4) exists on the formation of p-type ZnO at room temperature by chemical vapor deposition, through N doping using NH 3 . But that study showed poor reproducibility, high resistance (typically 100 ·cm) and low carrier concentration (≈1×10 16 cm −3 ) which are not sufficient for many applications.
It is known that, doping of different elements in ZnO leads to new interesting properties. For example, doping of Al, Ga or In increases its electron conductivity without impairing the optical transmission, 5, 6) doping of Li increases its resistivity 7) and also shows ferroelectric nature. 8, 9) Recently, it was proposed by theoretical calculations that codoping of donor and acceptor dopants in ZnO can lead to formation of p-type ZnO. 10) In this codoping method, both Ga (donor) and N (acceptor) dopants are doped at the same time and the substitution of N at the appropriate site in the ZnO lattice is stabilized by the formation of N-Ga-N type bond, thereby the repulsive interaction between N acceptors is reduced, leading to enhancement of acceptor doping. In this letter, we report the realization of p-type ZnO films having high resistivity through simple N doping (5 × 10 5 ·cm and carrier density of 2×10 10 cm −3 ) and low resistivity (2 ·cm and carrier density of 4 × 10 19 cm −3 ) through a codoping approach, using Ga as the donor and N as the acceptor dopant. tron spectroscopic (XPS) measurements are done to identify the chemical state of Ga, N and their ratio.
Results and Discussion
It is known that, ZnO with the wurtzite structure is naturally a n-type semiconductor due to its deviation from stoichiometry; contains interstitial Zn atoms (Zn i ) due to presence of large voids and O vacancies (V o ) in the crystal. Both these defects form donor levels at (δ≈0.05 eV). 12) Hence, towards the fabrication of p-type ZnO, we need to suppress the effect of these two defects. According to theoretical prediction, among all possible acceptors, N would produce a shallow acceptor level in ZnO. 13) In earlier studies, the incorporation of N was done by means of N + implantation, N 2 plasma source, or NH 3 . 4) Except in the case of NH 3 , no p-type activity was reported as indicated above.
We realized that the suppression of V o is equally important for getting p-type behavior. Hence the initial experiments are done with N 2 O gas as source of N, with and without the use of ECR source, on pure (undoped) ZnO. The typical results obtained for the above study is briefly indicated in Table I (S. Nos. 1-3). These studies clearly indicate that the use of N 2 O is much more effective than N 2 as a source of N dopant towards getting p-type behavior in ZnO. (However it is of interest to note that in one of the earlier studies, 3) attempt was made to dope N by using a mixture of N 2 and O 2 through an ECR source, but all films showed only n-type character. This may be due to difference in their behavior through the ECR source).
Very similar experiments, as with the case of undoped ZnO,
Experimental
In the present study, thin films are obtained by pulsed laser deposition method. The details of the experimental facility is reported elsewhere.
11) Briefly, the deposition is done in an vacuum chamber having a base pressure of 1 × 10 −8 mbar. An ArF excimer laser is operated at 1 Hz at a fluence of about 0.5 J/cm 2 and the typical deposition rate is about 10 Å/min. During the deposition, the substrate (Corning #7059 glass) is kept at 400
• C and the required N atmosphere is maintained by passing N 2 or N 2 O with or without an electron cyclotron resonance (ECR) plasma source. The targets of Ga-doped ZnO are prepared by heating a mixture of ZnO and Ga 2 O 3 in air for 12 h at 1000
• C. Electrical resistivity, carrier concentration and mobility are measured using a four point probe van der Pauw method. The major conduction type is confirmed by Hall and Seebeck coefficient measurements. X-ray photoelecdifferent form that of the N1s peak position of the codoped film; this peak position occurs in between the NO 2 and NO 3 positions 15) and we are not able to infer the exact nature of environment seen by these nitrogen atoms in the ZnO lattice. From the area of the peaks of N1s (Fig. 2(a) ), Ga2p 3/2 ( Fig. 2(c) ) and the corresponding sensitivity factors, the approximate relative ratio of Ga : N is obtained as 1 : 6. It is reported 16) that such a relative ratio, by XPS, for GaN film (1Ga : 1N) is about 1 : 3.2. This suggests that we get a 2N : 1Ga ratio in the codoped film. This is one of the basic requirements for observing p-type conductivity of ZnO by codoping process as predicted by theoretical calculations.
10) The possibility of p-type conductivity originating from p-type GaN formed in the film is ruled out because in the Mg doped GaN the reported 16) carrier (hole) density is about 1 × 10 17 cm −3 and for Be-O codoped GaN 17) it is about 5 × 10 18 cm −3 . In our present study, both 0.1 wt% and 5 wt% of Ga codoped film shows almost same carrier density and this is about one order of magnitude higher than the carrier concentration reported for the Be-O codoped GaN. Also, calculations 18) show that Zn can not effectively perform the role of Be or Mg for the doping process to take place in GaN film. Furthermore, obtaining p-type conductivity in N alone doped ZnO and the above result of 2N : 1Ga ratio present in the film strongly suggests that codoping is the origin for the p-type conductivity in ZnO. Figure 3 shows a typical optical transmission spectra obtained for films corresponding to S. Nos. 5 & 8 of Table I . The transmittance is about 90% and this value is almost same as that reported for Ga alone doped n-type ZnO 6) and higher are done for the Ga doped (0.1, 0.5, 5 and 10 wt% of Ga 2 O 3 ) ZnO samples. As with the undoped system, all the films are n-type when the ECR is off. The highest carrier density of 1 × 10 22 cm −3 with a low resistance of 4 × 10 −4 ·cm is obtained for the 0.5 wt% of Ga. With the ECR source on, the p-type behavior is obtained for 0.1 wt% and 5 wt% of Ga as shown in Table I (S. Nos. 4 & 5) . The effect of N 2 O pressure on a target containing 5 wt% of Ga is also shown in the same Table ( S. Nos. 5-7). When the pressure is at 5 × 10 −5 mbar, the film obtained showed a low resistance of 0.26 ·cm. The resistivity increased with the increase of pressure and the carrier density initially decreased then increased, as well the carrier type flipped from n-type to p-type. Hence this region of 5 × 10 −4 mbar of N 2 O seems to be the border region for the carrier type to change from n to p-type after the compensation. As indicated above, for 0.5 wt% of Ga when the ECR is off, we could get very high carrier concentration with very low resistivity and a clear n-type conductivity. Hence, even when the ECR is on, one may need much more N atoms to compensate this large n-type carriers. This could be the reason for not getting p-type behavior with 0.5 wt% of Ga. For 10 wt% case, again it is n-type, as the Ga present is much more than the available N atoms for the codoping to take place. Identical experiments done under N 2 atmosphere for various wt% of Ga, with ECR source on and off, resulted only n-type behavior; a typical result for 5 wt% Ga is shown in Table I (S. No. 8). Figure 1 shows a typical X-ray diffraction (XRD) pattern which corresponds to S. No. 4 in Table I . This indicates the films are highly oriented along the c-axis. The presence of well defined columnar structure and possible defect structure (due to doping processes) can act as scattering centers for the carriers, resulting in low mobility for most of the films. (It should be noted that growth of GaN on an oriented ZnO film will have same orientation (000l) as that of the ZnO 14) ). Figure 2 shows the XPS results for two films, corresponding to S. No. 5 (5 wt% Ga and N codoped, p-type) and S. No. 3 (N alone doped ZnO, p-type) of Table I . The peak position of N1s for these two films are shown in Figs. 2(a) and 2(b) , respectively. The signal obtained for the Ga2p is shown in Fig. 2(c) . The peak positions of N1s (Fig. 2(a) ) and Ga2p (Fig. 2(c) ) indicate the presence of Ga-N type of bonding as these peak positions are in close agreement with those of the literature XPS data on GaN films. 14) But the N1s peak position of N alone doped ZnO film (Fig. 2(b) ) is very much Intensity (a.u.) Table I ). Intensity (a.u.)
Binding Energy (eV) Table I ) and (b) under N 2 (S. No. 8 of Table I ).
than the recently reported 19) p-type CuAlO 2 . The slight absorption at 550-600 nm could be due to interference effect. In the above Fig. 3 , the blue shift of the absorption edge for the n-type film is due to high carrier concentration (9×10 21 cm −3 ) in accordance with the Burstein-Moss shift. 20) 
Conclusions
In summary, high resistivity p-type ZnO thin film is obtained by doping with active N alone. This p-type activity is very much enhanced in terms of conductivity and carrier concentration by adopting a codoping method, using N as acceptor and Ga as donor dopants. The N doping is effective only with N 2 O through an ECR plasma source; but not with N 2 gas. The window for obtaining the p-type behavior seems to be very small and sensitive to experimental parameters. Further exploration of codoping (with Al, Si, In and N) in ZnO can possibly lead to very low resistivity films, similar to the n-type ZnO.
